Objective-To determine the after-effects on sympathetic nerve activity and calf and systemic haemodynamics of symptom-limited exercise in young patients with dilated cardiomyopathy. Patients-14 young patients with dilated cardiomyopathy (mean (SEM) age 35 (2) yr) and 17 healthy controls (age 29 (2) yr). Methods-Blood pressure, muscle sympathetic nerve activity, calf blood flow, plasma noradrenaline, and stroke volume were recorded during baseline rest and an hour after symptom-limited treadmill exercise (up to 45 min) at 70% of resting heart rate reserve. Results-Before exercise, sympathetic nerve activity (45 (6) v 21 (2) bursts.min-'; P = 0.001) and calf vascular resistance (55 (5) v 31 (3) units; P < 0.0005) were higher in the dilated cardiomyopathy group, and there was a significant correlation between these two variables (r = +0*64; P < 0.001). Patients with ventricular dysfunction exercised for 31 (3) min. In both groups there were significant and similar reductions in diastolic blood pressure, total peripheral resistance, and calf vascular resistance after exercise. Sympathetic nerve activity and plasma noradrenaline were unchanged and there was no longer any relation between muscle sympathetic nerve activity and calf vascular resistance. Cardiac output increased in both groups but, in contrast to healthy controls, mean values for systolic blood pressure and stroke volume (P < 0.005) did not decrease in the cardiomyopathy group. For similar reductions in total peripheral resistance, there were two to three fold greater increases in stroke volume after exercise in patients with left ventricular dysfunction (P < 0.03). There was no relation between exercise duration and the magnitude of these after-effects of exercise in these patients. Conclusions-In young patients with dilated cardiomyopathy the haemodynamic after-effects of submaximal symptom-limited exercise resemble responses to pharmacological afterload reduction but are not accompanied by reflex sympathetic activation. Sustained calf and systemic vasodilation after exercise were not attenuated, as compared with healthy controls. These cardiac, peripheral, and sympathoneural after-effects provide further support for exercise training as a non-pharmacological adjunct to the management of chronic stable heart failure. (Heart 1996;75:602-608) 
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The potential benefits of exercise training for patients with heart failure are under active investigation.'-3 Most studies of the acute effect of this intervention in patients with left ventricular dysfunction have focused on observations made during exercise. There is little documentation of regional and systemic haemodynamics and sympathetic activity during the recovery period after exercise, even though rapid changes in noradrenergic drive, regional blood flow, and loading conditions at this time may have adverse implications for the diseased myocardium.
In people with normal ventricular function, running or bicycle exercise is usually followed by vasodilatation in both the exercised and non-exercised muscle beds." Stroke volume falls, but this is offset by tachycardia, resulting in higher cardiac output after exercise.467 For reasons that are not clear, in some people peripheral resistance increases significantly above baseline values for an hour or more after exercise.8-'0 Those with left ventricular dysfunction should derive particular benefit if cardiac output increases and afterload decreases, whereas sustained increases in peripheral resistance could be detrimental, particularly if vasodilatation after exercise evokes reflex increases in efferent sympathetic nerve traffic to the heart, kidney, or skeletal muscle."
Interestingly, in subjects with normal ventricular function post-exercise hypotension is not accompanied by any reflex increase in muscle sympathetic nerve activity,7 12 or plasma noradrenaline concentrations.57 Moreover, in men with borderline hypertension, who have increased noradrenergic drive,"3 reductions in blood pressure after exercise are associated with decreases in sympathetic nerve traffic to muscle."2 To explain these observations we suggested that an acute bout of exercise could reset the arterial baroreceptor modulation of sympathetic outflow.714
It is not known whether exercise has similar sympathoinhibitory after-effects in heart failure, a condition of considerably greater nora-drenergic activation,1' 1516 or whether recovery from exercise in such subjects is characterised by hypotension, and reflex increases in sympathetic traffic to muscle, and in peripheral vascular resistance. Our specific hypothesis in these experiments in young patients with dilated cardiomyopathy was that exercise would be followed by sustained reductions in blood pressure, sympathetic nerve activity, and resistance to blood flow in the calf-that is, the vascular bed distal to the recording electrode.
Patients and methods

STUDY GROUPS
We studied 14 patients (age 35 (2) yr, range 19-49; 7 men, 7 women), who were in stable condition, in sinus rhythm, with global hypokinesis, left ventricular ejection fraction < 35%, left ventricular end diastolic dimension > 60 mm, normal coronary arteries, and no active myocarditis on endomyocardial biopsy.'7 Patients were New York Heart Association class I (n = 5), II (n = 6), or III (n = 3). Dilated cardiomyopathy arose post partum in two and was idiopathic in 12. All were taking either captopril or enalapril: 12 were taking digitalis and eight diuretics. These drugs were withheld for 24 h or more, before study. We also studied 17 25 (1) 25 (1) Left lead II of the electrocardiogram. Right calf blood flow (CBF; ml.min-'.100 ml of calf volume-') was estimated by venous occlusion plethysmography timed to give four estimates of calf blood flow per minute.7 20 Postganglionic muscle sympathetic nerve activity was recorded from the left peroneal nerve and expressed as bursts.min-'121 22 In our laboratory, the mean inter-observer variability in the visual evaluation of the microneurographic record is 3 9% and the mean intra-observer variability is 4*5%. 23 Twenty minutes of rest were followed by a 15 minute baseline (pre-exercise) period. Supine blood pressure was measured every minute and heart rate, the electrocardiogram, and the mean voltage neurogram were recorded continuously onto paper. Calf blood flow was measured over the last two minutes after which venous blood was withdrawn for plasma noradrenaline and atrial natriuretic factor determinations.22 Blood pressure and heart rate were then measured simultaneously with instantaneous flow velocity in the ascending aorta, using continuous wave Doppler.20 24 These values are stable over the time period of these experimental sessions, in the absence of interventions, in both healthy individuals and those with heart failure24 and highly reproducible, under resting conditions, at intervals of a month or more.2024 Stroke volume was calculated as the product of the mean of ten or more time velocity integrals and the cross-sec- Subjects then lay supine. The strain gauge and venous occlusion cuffs were applied to the left leg. In a subgroup (12 cardiomyopathy, eight healthy controls) immediate post-exercise values for blood pressure, heart rate, and calf blood flow were measured concurrently. Muscle sympathetic nerve activity was then recorded from the opposite, or right, peroneal nerve and blood pressure, heart rate, electrocardiogram, and the neurogram were recorded continuously until 60 min after exercise. As in previous protocols6 7 12 the last 5 min were averaged to represent late post-exercise values. Calf blood flow was measured over the last two minutes of this hour, venous blood was drawn, then stroke volume was determined along with the corresponding blood pressure and heart rate.
DERIVED VALUES
Calf vascular resistance was calculated as Values are mean (SEM). *P < 0 05; **P < 0 01; ***P < 0 005 for after v before exercise comparisons within subject groups.
tP < 0-05; tP < 0 005 for comparisons between patients with dilated cardiomyopathy and healthy controls before exercise. Values are mean (SEM). *P < 0-001 v healthy controls.
EXERCISE
All healthy controls and four patients in the dilated cardiomyopathy group exercised for 45 min. Exercise was stopped in nine because of leg fatigue and in one because of dyspnoea. Achieved heart rate and the ratio of achieved to target heart rate were similar in the two groups (table 4) .
POST-EXERCISE VALUES Calfhaemodynamics immediately after exercise
There was marked calf hyperaemia immediately after exercise in both groups (fig 2) . The magnitude of vasodilatation was greater in patients with left ventricular dysfunction when expressed in absolute resistance units (P = 0 01), and similar in both groups when expressed as a proportion of initial pre-exercise resistance values, or when expressed as absolute or relative changes in calf vascular conductance.
After-effects of exercise on systemic haemodynamics and plasma noradrenaline and atrial natriuretic factor concentrations In both groups there was systemic vasodilatation and diastolic hypotension an hour after exercise. Cardiac output was higher and heart rates more rapid after exercise. Total peripheral resistance decreased and total peripheral conductance increased (fig 3) . The magnitude of these changes in healthy controls and dilated cardiomyopathy patients was similar (table 2) . In healthy controls both stroke volume and systolic blood pressure fell significantly below baseline values, whereas there was a 6% increase in stroke volume (P < 0 005 compared with the response in healthy controls; F = 12-61, P < 0 001 for this disease-exercise interaction) (fig 3) and no significant systolic hypotension in the group with dilated cardiomyopathy (F = 13-3; P < 0 001 for this disease-exercise interaction) (table 2). There was a significant inverse relation between changes in total peripheral resistance and changes in stroke volume after exercise in healthy controls (r = -0-68, P = 0 002) and in patients with cardiomyopathy (r = -0 75, P = 0 002) (fig 4) . However, the slope of the regression line relating increases in stroke volume to reductions in total peripheral resistance was significantly steeper ( -1 03 v -0 40, P = 0 03) in the dilated cardiomyopathy group, indicating a 2-3 fold greater effect on stroke volume of this exerciseinduced afterload reduction. Women with dilated cardiomyopathy displayed significantly greater increases in stroke volume (+ 18 (7)% v -1 (4)%; P = 0 04), and significantly greater decreases in total peripheral resistance (-23 (5)% v -8 (3)%; P < 0 02) than male patients.
Plasma noradrenaline concentrations tended to rise after exercise in healthy controls (P = 0 06), and tended to fall after exercise in those with dilated cardiomyopathy (P = 0-15). Plasma atrial natriuretic factor was significantly lower after exercise in healthy controls only (table 2) .
After-effects of exercise on muscle sympathetic nerve activity and calf haemodynamics Sympathetic nerve activity was not affected by prior exercise in either group, whereas calf vascular resistance remained below baseline values 60 min after exercise ( Muscle sympathetic nerve activity (P < 0 01) and calf vascular resistance (P = 0 005) were significantly greater in the dilated cardiomyopathy group before and after exercise but the magnitude of calf vasodilatation, as represented by changes in conductance, was similar in the healthy controls and dilated cardiomyopathy patients. When expressed in absolute resistance units, the magnitude of vasodilaattion tended to be greater in those with dilated cardiomyopathy (P = 0 07).
Dissociation of after-effects ofexercise from exercise workload There were no significant correlations in the dilated cardiomyopathy group between exercise duration, exercise distance, and the product of exercise distance, and exercise heart rate (as three potential independent variables) and any of these sympathoneural or haemodynamic after-effects of exercise (as potential workload-dependent variables) with one exception: a positive correlation between exercise distance and heart rate after exercise (r = 0-60; P < 0O03 cardiac output, with corresponding increases in total peripheral resistance.8 Before these experiments muscle sympathetic nerve activity and calf vascular resistance had not been studied in young patients with dilated cardiomyopathy, and the after-effects of symptomlimited submaximal exercise on their systemic haemodynamics and sympathetic outflow were unknown. We documented a selective increase in resting baseline peroneal muscle sympathetic nerve activity and calf vascular resistance in these young patients with dilated cardiomyopathy. As in healthy controls calf and peripheral resistance fell after exercise; cardiac output remained above baseline values. Unlike healthy controls there was an increase in stroke volume after exercise in the group with dilated cardiomyopathy, and systolic blood pressure was maintained (fig 3) . These contrasting after-effects of exercise on stroke volume cannot be explained on the basis of greater reflex sympathetic drive, to 
